AUGUST 2018

CHRISTOPHERSEN ET AL.

1021

Combined Use of Satellite Observations and Global Hawk Unmanned Aircraft
Dropwindsondes for Improved Tropical Cyclone Analyses and Forecasts

Hul CHRISTOPHERSEN

Cooperative Institute for Marine and Atmospheric Studies, University of Miami, and NOAA/Atlantic Oceanographic
and Meteorological Laboratory/Hurricane Research Division, Miami, Florida

ROBERT ATLAS

NOAA/Atlantic Oceanographic and Meteorological Laboratory, Miami, Florida

ALTUG AKSOY AND JASON DUNION

Cooperative Institute for Marine and Atmospheric Studies, University of Miami, and NOAA/Atlantic Oceanographic
and Meteorological Laboratory/Hurricane Research Division, Miami, Florida

(Manuscript received 9 November 2017, in final form 4 June 2018)

ABSTRACT

This study demonstrates that Global Hawk unmanned aircraft system dropwindsondes and Atmospheric
Infrared Sounder (AIRS) observations can be complementary in sampling a tropical cyclone (TC). The assim-
ilation of both datasets in a regional ensemble data assimilation system shows that the cumulative impact of both
datasets is greater than either one alone because of the presence of mutually independent information content.
The experiment that assimilates both datasets has smaller position and intensity errors in the mean analysis than
those with individual datasets. The improvements in track and intensity forecasts that result from combining both
datasets also indicate synergistic benefits. Overall, superior track and intensity forecasts are evident. This study
suggests that polar-orbiting satellite spatial coverage should be considered in operational reconnaissance mission
planning in order to achieve further improvements in TC analyses and forecasts.

1. Introduction

The Global Hawk (GH) is an unmanned aircraft
system (UAS) that both the National Oceanic and At-
mospheric Administration (NOAA) and the National
Aeronautics and Space Administration (NASA) have
utilized in many tropical cyclone (TC) field programs,
including NASA’s Genesis and Rapid Intensification
Processes (GRIP; Braun et al. 2013) and Hurricane and
Severe Storm Sentinel (HS3) experiments (Braun et al.
2016) and NOAA’s Sensing Hazards with Operational
Unmanned Technology field campaigns (SHOUT;
Black et al. 2014). The GH is a long-endurance aircraft
(up to 24 h) that can be equipped with multiple scientific
instruments to collect data in the TC’s inner-core and
near-environment regions from high altitudes [16750-
19800 m (55 000-65 000 ft)]. The data collected from the
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GH, such as profiles of temperature, humidity, and
winds from global positioning system (GPS) dropwind-
sondes (dropsondes hereafter; Hock and Franklin 1999),
have been assimilated in both regional and global
numerical weather prediction (NWP) models, and the
results thus far show that they help improve predictions of
both TC track and intensity (Christophersen et al. 2017,
Howard et al. 2017). Remote sensing instruments on
board the GH such as the High-Altitude Imaging Wind
and Rain Airborne Profiler (HIWRAP; Heymsfield et al.
2013) have also been shown to have positive impacts on
both TC analyses and forecasts (Sippel et al. 2014).
While some studies have assessed the impact of as-
similating GH observations in NWP models, little re-
search has been conducted to evaluate the joint impact
of GH observations and satellite observations. This is a
valid research question because GH flight tracks and
sampling strategies can, in theory, be modified to take
advantage of a priori knowledge of the spatial and
temporal data coverage from polar-orbiting satellites
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within the target region of interest. However, current
planning of aircraft reconnaissance operations takes
little or no consideration of existing satellite coverage,
which is typically not the primary focus of the NOAA
field campaigns (e.g., Rogers et al. 2006). Thus, if im-
proved analyses and forecasts could be obtained by the
joint assimilation of satellite and aircraft observations, the
operational design of the flight tracks in reconnaissance
and research missions could conceivably take advantage
of known satellite orbits and plan accordingly.

In a global or regional data assimilation (DA) system,
observations from different platforms can be assessed
either by the forecast sensitivity to observations (FSO)
technique (Langland and Baker 2004; Liu and Kalnay
2008) or through observing system experiments (OSEs).
Both techniques are routinely used to evaluate the im-
pact from one individual platform or multiple platforms
at a time (e.g., McNally 2012; Majumdar et al. 2013;
Lord et al. 2016) and generally obtain consistent results
on the relative importance of each observation source
for the same DA system (Gelaro and Zhu 2009). This
study explores the joint impact of GH dropsondes and
satellite observations using OSEs in a regional DA and
forecast model. In particular, polar-orbiting satellites are
considered because their overpasses in specific regions
usually only occur once or twice daily.

2. Overview and procedures
a. Model initialization and forecast models

At the NOAA/Atlantic Oceanographic and Meteoro-
logical Laboratory/Hurricane Research Division (AOML/
HRD), the Hurricane Ensemble Data Assimilation
System (HEDAS) is one of the DA systems used for
model initialization. It is a high-resolution vortex-scale DA
system that employs the ensemble square root Kalman
filter (Whitaker and Hamill 2002). It also provides the
capability of processing and assimilating data within a
storm-relative framework (Aksoy 2013). HEDAS includes
a research version of NOAA’s Hurricane Weather Re-
search and Forecasting Model (HWRF; Gopalakrishnan
et al. 2012; Atlas et al. 2015) that consists of an outer
fixed domain with 9-km grid spacing and a 3-km vortex-
following 10° X 10° inner domain. Detailed physics
configuration and model evaluation are described in
Gopalakrishnan et al. (2012) and Yeh et al. (2012). The
DA is only performed on the inner domain. The detailed
configuration of the DA and the model for current ex-
periments is described in Christophersen et al. (2017).
Specifically, observations within a 6-h time window
are processed and assimilated within a storm-relative
framework, as in Aksoy (2013). The ensembles use the
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first 30 out of 80 members of NOAA'’s ensemble-based
Global Forecast System analyses (Hamill et al. 2011) as
the initial and boundary conditions. A 4-h spinup and
4-h DA cycling (=2h of the synoptic time at 30-min
cycles) are performed for each case. Five-day deter-
ministic forecasts for each case are then run from the
ensemble mean analysis.

b. Case description and observations

Cycling DA experiments are performed for a total of
18 cases (Table 1) with available dropsonde observa-
tions, 12 of which are from the 2012-14 HS3 field cam-
paign and the rest from the 2015-16 SHOUT field
campaign. In addition to dropsonde observations, the bulk
of available observations are atmospheric motion vectors
(AMVs; Velden et al. 2005) from the Geostationary
Operational Environmental Satellite (GOES) and the
Atmospheric Infrared Sounder (AIRS) cloud-cleared
standard temperature and moisture retrievals (Susskind
et al. 2003). Other datasets that are always assimilated
when available are Constellation Observing System for
Meteorology, Ionosphere and Climate (COSMIC) GPS
radio occultation (RO) retrieved profiles (Kuo et al. 2004),
nearby rawinsondes, and flight-level data from the
Aircraft Communications Addressing and Reporting
System (ACARS). However, the percentages of the other
conventionally available datasets (GPS RO retrieved pro-
files, rawinsondes, and ACARS flight-level data) in total
account for a very small portion of overall observations
(4.5% on average over all cases; not shown). Observations
from crewed reconnaissance aircraft, particularly tail
Doppler radar (TDR) data, were shown by Christophersen
et al. (2017) to be critical in representing the storm structure,
but not all cases here have such data available. Therefore, to
homogenously compare the impact from GH dropsondes
and/or AIRS, all crewed reconnaissance aircraft observa-
tions were excluded from assimilation in all experiments.

The experiments are designed as follows. The control
(CNTL) experiment assimilates only the AMYV retrievals
and the “‘other” datasets. The AIRS experiment adds
AIRS retrievals to the CNTL, the DROP experiment adds
GH dropsondes to the CNTL, and the BOTH experiment
adds both GH dropsondes and AIRS retrievals to the
CNTL (Table 2).

Examination of the AIRS retrievals shows that there
are large uncertainties associated with the observations
in the upper troposphere and lower stratosphere. Fur-
ther diagnosis in observation space also reveals that
there are large root-mean-square errors and standard
deviations associated with the observations above 100 hPa
(not shown). To eliminate potential negative impacts from
these upper-atmospheric retrievals, we only assimilate
AIRS observations below 100hPa in all experiments.
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TABLE 1. Summary of the eight TCs that were examined, including each case initial time, initial best track intensity, and the peak intensity
over the 5-day forecast.

Storm name Initial time

Initial best track
intensity (kt)

Peak intensity over the
5-day forecast (kt)

Nadine (2012) 0600 UTC 15 Sep
0600 UTC 20 Sep
0600 UTC 23 Sep

1800 UTC 26 Sep

Humberto (2013)
Cristobal (2014)
Edouard (2014)

0600 UTC 17 Sep
0600 UTC 29 Aug
0600 UTC 12 Sep

1800 UTC 14 Sep
0600 UTC 15 Sep
1800 UTC 16 Sep
0600 UTC 17 Sep
1800 UTC 18 Sep
0600 UTC 27 Aug
1800 UTC 23 Sep
0600 UTC 30 Aug
0600 UTC 1 Sep

1800 UTC 1 Sep

1900 UTC 5 Oct

Gaston (2016)
Karl (2016)
Hermine (2016)

Matthew (2016)

70 70
50 55
50 65
50 80
35 40
70 70
35 105
75 105
85 105
95 95
85 85
65 65
55 105
50 60
30 70
50 70
65 70
105 120

We further note that the dry bias in the GH dropsondes
before the year 2016 (Vomel et al. 2016) will not im-
pact the analyses presented in this study due to relatively
large observation errors assigned to dropsonde humid-
ity observations in the DA system (Christophersen
et al. 2017).

3. Results

The vertical and horizontal data distributions for the
AMVs, AIRS, and GH dropsondes are shown in Fig. 1.
For the radius—pressure distribution, most of the AMV
retrievals occur away from the storm center (>~300-km
radius) and are concentrated in the upper troposphere,
where the radial outflow is typically located, and above
the planetary boundary layer, where a combination of
GOES visible and shortwave IR channels tend to detect
relatively large numbers of AMVs. The AIRS retrievals
are concentrated mostly in the upper troposphere where
it is typically clear or has thin cirrus and are clustered
far away from the storm center (>~300km). On the
other hand, GH dropsondes provide a more uniform
radial distribution of data from inner-core observations
(<~150km) out to the peripheral environment (~150-
500km) and are found throughout the atmospheric
column up to the flight level. Horizontally, most of the
AMYV and AIRS retrievals are concentrated in the near
environment of the storm, while GH dropsondes are
clustered near the center of the storm, which illus-
trates that GH dropsondes complement AMV and
AIRS retrievals azimuthally. It is further noted that on a

case-by-case basis, the complementary nature of AIRS
and GH dropsonde sampling is even more pronounced
(not shown).

The impacts on the analyses from the four experi-
ments are shown in Figs. 2 and 3. Assimilating AIRS in
addition to AMVs (AIRS experiment) does not seem
to result in any obvious impact on the TC position or
intensity on average, while combining GH dropsondes
and AMVs (DROP experiment) shows a clear reduction
in both the mean and median of the TC initial-time
position and intensity errors. Using both GH drop-
sondes and AIRS in addition to AMVs (BOTH ex-
periment) shows a further reduction. The improvements
of the mean (median) of the position errors relative to
the CNTL experiment for the DROP and BOTH ex-
periments are 14% (30%) and 17% (39%), respectively.
Only the median of the intensity error is further im-
proved relative to the CNTL for BOTH (34%) compared
to the DROP experiment (25%).

Similarly, the AIRS experiment has little impact on
the initial-time mean storm structure (Figs. 3a,d.g),
while the DROP experiment results in a slightly

TABLE 2. Summary of the experiment setup and assimilated
datasets. All experiments also assimilate the other conventionally
available observations including those from COSMIC and ACARS.

Expt Assimilated datasets
CNTL AMYV retrievals
AIRS AMYV retrievals and AIRS retrievals
DROP AMV retrievals and GH dropsondes
BOTH AMYV retrievals, AIRS retrievals, and GH dropsondes
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FiG. 1. (a)~(c) Radius—pressure frequency distribution and (d)—(f) horizontal frequency distribution of AMVs, AIRS, and GH
dropsonde observations for the storms listed in Table 1. The color in each bin [50 km horizontally and 100 hPa vertically in (a)-(c), 0.25°
longitudinally and 0.25° latitudinally in (d)-(f)] represents the number of observations accumulated over all cases. Radius/distance is

measured relative to the storm center.

stronger primary circulation with the largest impact
mostly concentrated within 100 km of the storm center
radially and in the lowest 5-12km vertically (Fig. 3b).
The DROP experiment alters the mean outflow (Fig. 3e)
and warm-core anomaly (Fig. 3h) as well. It is interesting
to note that the BOTH experiment (Figs. 3e,f,i) has
thermodynamic and kinematic impacts that are greater
than in either the DROP or AIRS experiments, which
indicates that the nonlinear feedback in DA and cycling
from mutually independent information content of both
datasets results in better analyses and forecasts.

The forecast errors compared to the best track esti-
mates for the four experiments are shown in Fig. 4. It
is noteworthy that the BOTH experiment has some
superior skill relative to the CNTL experiment for track
forecasts throughout the 120-h lead time, while the DROP
experiment only has some skill for track compared to
the CNTL forecasts up to 72-h lead time (Fig. 4a). This
indicates that the BOTH experiment is able to combine
the advantages of the DROP and AIRS experiments for
an overall better track prediction. The advantage of
using both the dropsondes and AIRS is more apparent

for the minimum sea level pressure (MSLP) forecasts.
The BOTH experiment has more skill relative to the
CNTL MLSP forecasts than either the DROP experi-
ment or the AIRS experiment throughout almost the
entire 5-day forecast period (Fig. 4c). We note that
the superior performance of the intensity forecast of
the BOTH experiment in terms of the 10-m maximum
1-min sustained wind speed is somewhat mixed, which is
not surprising due to the fact that the 10-m maximum
1-min sustained wind speed is usually highly variable
(Vukicevic et al. 2014), especially with the current lim-
ited sample size. The improved MSLP forecasts of the
BOTH experiment are largely attributed to the greater-
than-additive impact on the analyses from AIRS and
dropsondes, as seen in the effective reduction of the
initial-time position and intensity errors. While drop-
sondes are likely to show direct impact on the TC intensity
(since the impact is mostly in the TC inner core; Fig. 3),
AIRS data show an indirect impact on TC intensity since
AIRS provides valuable data in the near environments of
TCs. Despite this, in the composite-mean sense, AIRS
retrievals alone make little improvement to the initial-time



AUGUST 2018

CHRISTOPHERSEN ET AL.

1025

a) Positions b) MSLP
140 5
[ o o
Q.
120 __ :
Of------------
1 1 (o]
100} — Y —
1 1 - 1
sof © i i S [
] ] : . * *
%0 | -10}
* *
40} * * | : !
L asf o
- :
20* - 1 1 —_ —
© T - o o
o o

c) Intensity
40
o (o] (o] [e]
(o]
,,,,,,,,,,,,,,,, 30t T H
o . :
20f :

-10

CNTL AIhS DF{OP B(jTH

CNLFL AIhS DROP BO;FH

CNTL AIRS DROP BOTH

FIG. 2. Boxplots of initial-time position errors (km), MSLP errors (hPa), and intensity errors (ms ') (calculated as analysis minus best
track estimates) for the analyses in the four experiments. The whiskers represent the 5th and 95th percentiles, and the circles are the
outliers. The box extends from the 25th percentile to the 75th percentile of the data. The star symbols in each box denote the mean, and the

horizontal lines in the box depict the median.

position, MSLP, or intensity (Fig. 2), or to the
azimuthal-mean thermodynamic and kinematic struc-
ture (Fig. 3) relative to the CNTL. This is because
the small yet potentially important contribution of the
AIRS data to the initial-time TC structure and inten-
sity is smoothed out over the cases investigated. Further
examination on a case-by-case basis shows that the
AIRS data have a modest impact on some TC
initial-time intensity and structure. The magnitude of
the impact is dependent predominantly on the data
coverage and initial-time TC intensity. Furthermore, the
pathways to regulate TC intensity by modifying near-
environment thermodynamic conditions of TCs through
DA can vary with many factors, such as vertical wind
shear, sea surface temperature, TC initial intensity,
and interactions with extratropical troughs and ridges
(Holland and Merrill 1984; Tao and Zhang 2014;
Munsell et al. 2013; Rios-Berrios and Torn 2017;
Hanley et al. 2001). Hence, how AIRS data contribute
to the improved MSLP forecasts varies greatly on a
case-by-case basis.

Additionally, the BOTH experiment has more accu-
rate track and intensity forecasts than the simple addi-
tion of the DROP and AIRS experiment during most of
the 5-day lead time (Fig. 4), which is likely attributed to
the synergistic benefits in the analysis. This encouraging
result suggests that combining GH observations with
satellite observations could achieve more than additive
benefits for TC predictions, which demonstrates the
importance of strategically designing aircraft flight

patterns that are coordinated with the satellite data
coverage.

4. Demonstration of AIRS data impact: A case
study

This section illustrates in a case study how AIRS data
improve the MSLP forecasts when combined with GH
dropsondes. It is cautioned that data impact varies sig-
nificantly among cases in the available dataset due to
variations in several factors, such as AIRS data coverage
relative to aircraft observations, and storm initial-time
intensity/structure.

At 0600 UTC 15 September, Hurricane Edouard
(2014) was located at 26.5°N, 54°W with an intensity of
85kt (1kt = 0.51ms™"). The positions of the assimilated
observations can be found in Christophersen et al.
(2017) (Figs. 1a,b); AMVs and AIRS are mostly in the
near environment of the TC, while GH dropsondes
provide most of the inner-core sampling. The four ex-
periments result in similar track forecasts, but different
MSLP forecasts during the 5-day period (Figs. 5a,b).
In particular, if we compare the DROP and BOTH
experiments, BOTH shows a slight but consistent
improvement in MSLP forecasts except at lead times of
36-48h (Fig. 5¢).

Further analysis reveals that assimilation of additional
AIRS data in the BOTH experiment has a direct impact
on the temperature anomaly and relative humidity
structure in the TC simulation at the initial time (Fig. 6a)
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and is associated with a stronger warm-core anomaly.
Most of the thermodynamic differences between the
DROP and BOTH experiments are located within
100km of the TC center, which is likely through the
covariances of the thermodynamic fields. Similarly, a
noticeable impact on the kinematic fields in the analysis
is seen (Fig. 6b), which is likely through strong correla-
tions between thermodynamic and kinematics fields in
mature TCs (Poterjoy and Zhang 2011). The small
modifications of the temperature fields near the eyewall
region (Fig. 6a) are likely to destabilize the atmosphere

and thus lead to more convection in that region of the
storm. More active convection would lead to a broader
and longer duration of condensational heating during
forecasts in the BOTH experiment and hence produce
a better-defined precipitation structure. As a response,
more latent heat flux would be available for the TC
to intensify in the BOTH experiment (Fig. 7). Such a
scenario would be consistent with a decrease in the
MSLP in the BOTH experiment relative to the DROP
experiment during the 5-day forecasts (Fig. 5b), which
is closer to the best track data. However, sensitivity
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experiment at a given lead time that is at least 90 % statistically significantly different from the CNTL experiment is

indicated by the purple star in the top panels of (a)-(c).

experiments beyond the scope of this study would be
needed to evaluate whether this proposed modulation
of the initial-time temperature or wind fields would
lead to such variations in heating profiles and hence
precipitation patterns during forecasts.

5. Conclusions and discussion

This study explores the potential of incorporating an
optimal mix of satellite remote sensing observations

such as Atmospheric Infrared Sounder (AIRS) re-
trievals and aircraft in situ observations such as Global
Hawk (GH) dropsondes into a regional ensemble data
assimilation (DA) system for TC analysis and pre-
diction. The database is derived from eight TCs that
were sampled by the GH during the NASA HS3 and
NOAA SHOUT field campaigns. Experiments are
designed to assimilate geostationary satellite observa-
tions, such as atmospheric motion vectors (AMVs) in
the control (CNTL) experiment, and adding AIRS
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indicate every 12 h of lead time. (c) MSLP forecast error differences (hPa) between the BOTH and DROP ex-
periments for the case of Edouard (2014) at 0600 UTC 15 Sep.

retrievals and/or GH dropsondes in the AIRS, DROP,
and BOTH experiments. Data distributions show that
AIRS observations in the near environment of the TC
complement the inner-core regions that are typically
well observed by GH dropsondes.

Average performance from all cases indicates that
the BOTH experiment is more effective than the in-
dividual experiments in reducing the initial-time TC
position and intensity errors. The analyses of mean
TC structure demonstrate that the nonlinear feedback
from both AIRS and dropsondes in the DA and cycling in
the BOTH experiment contributes to more impact than

either dataset alone due to the assimilation of mutually
independent information content. Specifically, the as-
similation of dropsondes shows an impact on the TC
inner-core structure, and the incorporation of AIRS
observations helps to define the near environment
of TCs. The greater-than-additive impact on the ana-
lyses in the BOTH experiment is believed to contribute
to more accurate predictions of both the track and MSLP
forecasts throughout most of the 5-day forecasts.

The results presented in this study admittedly are
limited by sample size and hence lack statistical sig-
nificance. We further note that because the AIRS
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FIG. 6. (a) Temperature anomaly differences (K; shaded) and relative humidity differences (%; contours) of the

final analysis between the BOTH and DROP experiments (BOTH minus DROP) for Edouard (2014) at 0600 UTC
15 Sep. (b) As in (a), but for tangential wind speed differences (ms~'; shaded) and radial wind speed differences
(ms~}; contours).
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observations are cloud-cleared retrievals, they are
mostly in the near environment of the storm regardless
of the respective satellite orbit’s proximity to the storm
center. Another limitation of this study is that the
dropsondes and AIRS data generally did not overlap
spatially. More cases are needed to examine whether
these datasets would be more effective if they over-
lapped spatially and temporally. Nonetheless, the results
demonstrated here are encouraging and indicate the
importance of coordination between aircraft and ex-
isting polar-orbiting satellite constellations for optimal
TC sampling and prediction. This is particularly im-
portant given the limited observational resources (e.g.,
U.S. Air Force, NOAA, and Global Hawk aircraft)
available during TC sampling. Careful allocation of re-
sources based on both the economic and meteorological
constraints needs to be addressed for a given case in
order to achieve optimal tasking.
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